The ability of semiconductor nanocrystals (NCs) to display multiple (size-specific) colors simultaneously during a single, long term excitation holds great promise for their use in fluorescent bio-imaging. The main challenges of using nanocrystals as biolabels are achieving biocompatibility, low non-specific adsorption, and no aggregation. In addition, functional groups that can be used to further couple and conjugate with biospecies (proteins, DNAs, antibodies, etc.) are required. In this project, we invented a new route to the synthesis of water-soluble and biocompatible NCs. Our approach is to encapsulate as-synthesized, monosized, hydrophobic NCs within the hydrophobic cores of micelles composed of a mixture of surfactants and phospholipids containing head groups functionalized with polyethylene glycol (-PEG), -COOH, and -NH 2 groups. PEG provided biocompatibility and the other groups were used for further biofunctionalization. The resulting watersoluble metal and semiconductor NC-micelles preserve the optical properties of the original hydrophobic NCs. Semiconductor NCs emit the same color; they exhibit equal photoluminescence (PL) intensity under long-time laser irradiation (one week); and they exhibit the same PL lifetime (30-ns). The results from transmission electron microscopy and confocal fluorescent imaging indicate that water-soluble semiconductor NC-micelles are biocompatible and exhibit no aggregation in cells. We have extended the surfactant/lipid encapsulation techniques to synthesize water-soluble magnetic NCmicelles. Transmission electron microscopy results suggest that water-soluble magnetic NC-micelles exhibit no aggregation. The resulting NC-micelles preserve the magnetic properties of the original hydrophobic magnetic NCs. Viability studies conducted using yeast cells suggest that the magnetic nanocrystal-micelles are biocompatible. We have demonstrated, for the first time, that using external oscillating magnetic fields to manipulate the magnetic micelles, we can kill live cells, presenting a new magnetodynamic therapy without side effects. * Author to whom correspondence should be addressed (hfan@sandia.gov) 4
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Introduction
Semiconductor quantum dots (QDs) with superior optical properties are a promising alternative to organic dyes for fluorescence-based bio-applications. The potential benefits and use of conjugated QD probes to monitor cellular functions has prompted extensive efforts to develop methods to synthesize water-soluble and biocompatible QDs that can be widely used for fluorescent-based bio-imaging [1] [2] [3] [4] [5] [6] [7] . In general, the key to developing QDs as a tool in biological systems is to achieve water-solubility, biocompatibility and photo-stability.
Further it is important to provide flexible QD surface chemistry/functionality that will enable efficient coupling of these fluorescent inorganic probes to reagents capable of targeting and/or sensing ongoing biological processes. To date, most of the work has focused on the synthesis and self-assembly of nanocrystals that are stabilized with alkane ligands
. Such NCs can be made at fairly high quality (narrow size distribution, preferred shapes such as rod, cube, etc, and large production).
These NCs are hydrophobic, and their self-assembly is limited to organic solvents. However, there are many applications requiring hydrophilic or aqueous environments, such as biolabeling and SERS-based NC films or arrays for biosensing [11] [12] [13] . In addition, water-soluble NCs and their ordered arrays/films provide great opportunity for further integration into inorganic ceramic frameworks that offer the chemical and mechanical robustness needed for enhanced device functionality 14, 15 . In this project, we developed a facile method to prepare NC-micelles in aqueous media. The method is to incorporate monosized, hydrophobic NCs into the hydrophobic interiors of surfactant micelles [16] [17] [18] [19] . The uniform NC size and selfassembled monolayer-like nature of its surface result in the formation of monosized gold NC-micelles composed of a gold NC core and a hybrid bilayer shell with precisely defined primary and secondary layer thicknesses (see scheme 1). By using phospholipids, we extended this technique to the synthesis of water-soluble, biocompatible semiconductor QDmicelles. This synthetic approach avoids complicated multi-step procedures and promises to add to the versatility of QD-based probes for investigating intracellular transport and other cellular signaling pathways in living cells. 
Results and Discussion
An alkane chain stabilized NC can be envisioned as a giant hydrophobic "molecule" that can be individually encapsulated into the hydrophobic core of a surfactant micelle in water.
During the formation of NC-micelles, surfactants serve as active agents to reduce repulsion between hydrophobic NCs and water. The thermodynamically defined interdigitated "bilayer" structure between the primary layer and secondary layer contributes extensive energy (van der Waals interactions) to stabilize NC-micelles in water [20] [21] [22] . We conducted differential scanning calorimetry (DSC) experiments on the dried powder samples of gold NC-micelles that were prepared using dodanethiol-stabilized gold NC and surfactants with different alkane chain lengths (C12TAB, C14TAB, and C16TAB). We observed that each sample exhibited an endothermic peak. These peaks appear at ~11.5˚C for the NC-C12TAB
sample, ~47˚C for the NC-C14TAB sample, and ~72˚C for the NC-C16TAB sample; the temperature of the peak maxima increases with increasing alkane chain length. This suggests that longer alkane chains contribute more extensive van der Waals interactions. The advantage of the surfactant encapsulation technique is that the interdigitated bilayer involves no chemical reactions, and therefore will not change the physical properties (optical, aggregation, electronic, etc) of the original NCs. Figure 1 . UV-visible spectra of (a) gold NCs in chloroform; (b) gold NC-micelles prepared using cationic surfactant:
Gold NC-micelle prepared by using anionic surfactant:
Gold NC-micelles prepared by using nonionic surfactant: CH 3 (CH 2 ) 15 -(OCH 2 CH 2 ) 10 -OH, Brij58 in water; (e). Gold NCmicelles prepared using 1,2-dioctanoyl-snglycero-3-phosphocholine in water. We then used the surfactant encapsulation method to synthesize water-soluble and biocompatible spherical semiconductor NC-micelles. Monodisperse CdSe and CdSe/CdS core/shell QDs were synthesized according to previous methods using trioctylphosphine (TO) and 
QD-micelle solutions exhibited the same visible and emission colors as hydrophobic
QDs, as shown in the optical micrograph (Fig. 3A) . The formation of individual CdSe/CdS QD-micelles was further charaterized by UV-vis spectroscopy shown in Fig. 3B . We observed no difference in the position or width of the absorbance bands at ~480-nm and ~590-nm from hydrophobic QDs and QD-micelles, which suggests that QD-micelles maintain their optical properties in water. Formation of ordered hexagonal close packing shown in TEM (Fig. 3C) , as expected for individual monosized QDs, further confirmed the monodispersity of QD-micelles. Photoluminescence (PL) spectra of OA-stabilized hydrophobic QD and QD-micelles prepared using 1,2-Dioctanoyl-sn-Glycero-3-Phosphocholine (C8-lipids) are shown in Fig. 3D . PL of QD-micelles exhibited no obvious shift in emission wavelength. Studies of photo-stability of these water-soluble NC-micelles under long-time laser irradiation showed that these QD-micelles exhibited no loss of PL intensity in water (Fig. 4A inset) . The stability of QD-micelles in a cellular aqueous environment was confirmed by incubation with rat hippocampal neurons (see below). properties. Additionally, our method can effectively prevent QD-micelles from aggregation due to the interdigitated "bilayer."
To evaluate the biocompatibility of CdSe/CdS QD-micelles we performed an initial study to examine their uptake in cultured rat hippocampal neurons. While the route through which QDs are taken up by cells has yet to be resolved fully, they do appear to accumulate in intracellular vesicular compartments in several cell types suggesting uptake may be mediated, at least in part, though endocytosis. Because synaptic vesicle recycling is tightly coupled to neurotransmitter release, endocytosis can be manipulated by depolarization of the plasma membrane to excite neurons, evoking exocytosis for neurotransmitter release followed by endocytotic retrieval of synaptic vesicle membrane from nerve terminals. As shown in Figure 5A , QD-micelles (emission 592 nm, red) accumulate in neurons, In order to obtain a more detailed view of QD uptake, we used pulse-chase labeling to expose hippocampal cultures to QD-micelles during membrane depolarization (induced by addition of 55 mM KCl) to trigger neurotransmitter release and coupled exo/endocytosis, followed by a return to basal media. appeared to locate to a perinuclear compartment adjacent to NeuN stained neuronal nuclei.
The results indicate that under these conditions QDs were effectively taken up by an endocytotic mechanism that was promoted by increased synaptic vesicle recycling and potentially followed by transport to lysosomes. Trafficking of QDs to lysosomal compartments may reflect autophagy, a vesicular-mediated process that underlies catabolic recycling and degradation of macromolecules, including both cellular and xenotypic agents, such as bacteria and viral pathogens. Autophagy may be a particularly critical mechanism for maintaining the cellular integrity of neurons, which are long-lived and generally show little or no turnover in most regions of the nervous system, and could play a role in neuronal cell death under certain conditions. The ability to use QDs to probe the trafficking of autophagic vacuoles promises to provide a useful tool to track this cellular process, but whether this tool itself elicits an autophagic response, precipitating cell death over time, will require further study.
In conclusion, the surfactant/lipid encapsulation method is simple and easy. It can be used to synthesize water-soluble NC-micelles with different shape and compositions. The micelles provide reactive surface chemistry for further conjugation with biospecies, such as proteins, antibodies, etc., which is essential for their bioapplications. The hydrophilic micelle interface also allows further self-assembly with metal oxides to form ordered NC/metal oxides arrays.
Experimental
1.
Synthesis of monodisperse gold nanocrystals [21] : a 60 ml aqueous solution containing 0.7g HAuCl 4 (Aldrich) was mixed with a solution of tetraoctylammonium bromide (4g, Aldrich) in 160ml toluene. The two-phase mixture was vigorously stirred until the tetrachloroaurate was transferred completely into the organic layer (judged by color changes: the aqueous phase became colorless and the organic phase became dark yellow). 3. The XRD spectra were recorded on a Siemens D500 diffractometer using graphite monochromotor filtered CuKα radiation with λ=1.54Å in θ-2θ (2θ=1-10˚) scan mode using step size ranging from 0.02 to 0.002 and dwell time of 1 to 5. TEM images were taken at JEOL 2010 high-resolution microscope equipped with Gatan slow scan CCD camera and operated at 200 keV.
